Adiabatic and nonadiabatic nanofocusing of plasmons by tapered gap plasmon waveguides Adiabatic and nonadiabatic nanofocusing of plasmons in tapered gap plasmon waveguides is analyzed using the finite-difference time-domain algorithm. Optimal adaptors between two different subwavelength waveguides and conditions for maximal local field enhancement are determined, investigated, and explained on the basis of dissipative and reflective losses in the taper. Nanofocusing of plasmons into a gap of ϳ1 nm width with more than 20 times increase in the plasmon energy density is demonstrated in a silver-vacuum taper of ϳ1 m long. Comparison with the approximate theory based on the geometrical optics approximation is conducted.
surface enhanced Raman scattering allowing single-molecule detection, [10] [11] [12] [13] [14] etc. Therefore, the ability to effectively deliver electromagnetic radiation to the nanoscale is one of the major directions of research in nano-optics.
This problem is usually solved by means of nanofocusing of light in metallic nanostructures. [15] [16] [17] [18] [19] For example, nanofocusing of strongly localized plasmons by sharp metallic tips and grooves was considered in the geometrical optics ͑i.e., adiabatic͒ approximation ͑GOA͒, demonstrating the possibility of effective localization ͑focusing͒ of the strongly enhanced plasmon field into nanoscale regions with dimensions as small as several nanometers. 18, 19 However, GOA is applicable only if the plasmon wave vector does not change significantly within one wavelength in the structure, i.e., at sufficiently small taper angles . 18, 19 At these angles, the plasmon does not experience noticeable reflections in the focusing structure, and its local dispersion and field distribution can approximately be determined at every distance from the tip of the groove/metal cone, assuming that the taper angle is zero. 18, 19 While the approximate methods are straightforward, physically intuitive, and yield important conclusions about plasmon nanofocusing, small taper angles are difficult to fabricate, and they result in relatively long structures/devices. This may lead to significant dissipative losses in the metal structure. Increasing taper angle decreases distances the plasmon travels along the taper during nanofocusing, but may also lead to breaching the condition of the adiabatic regime. 18, 19 This may result in noticeable reflections of the plasmon as it propagates towards the tip of the groove/metal cone. Therefore, on the one hand, increasing taper angle should lead to decreasing dissipation and increasing local field enhancement ͑efficiency of nanofocusing͒. On the other hand, increasing taper angle should result in increasing reflections of the plasmon. This should lead to increased reflective losses of the plasmon energy, decreasing local field enhancement and efficiency of nanofocusing. The competition of these opposing mechanisms may result in an optimal taper angle ͑for fixed wavelength and parameters of the media in contact͒.
Recently there has been significant interest in using gap plasmon waveguides for subwavelength nano-optical applications with subwavelength localization provided in one dimension 20, 21 or even both [22] [23] [24] dimensions normal to the direction of propagation. Therefore, in this letter, we conduct rigorous numerical analysis of nanofocusing of plasmons in tapered gap waveguides in both the adiabatic and nonadiabatic regimes and determine the optimum conditions for maximally effective focusing with the strongest local field enhancement. An optimal adaptor between two subwavelength plasmonic waveguides is also suggested and analyzed. Numerical confirmation of the previously developed approximate method, 19 its applicability conditions, and accuracy are presented and discussed.
The analyzed structure is shown in Fig. 1 . A vacuum gap between two silver halfspaces is tapered from an initial gap width w i = vac / 2 = 316.4 nm ͑where vac = 632.8 nm is the vacuum wavelength for the He-Ne laser͒ to a final gap width w f = vac / 400= 1.512 nm with the taper angle . The final gap width is taken as the minimal width for which the approximation of continuous electrodynamics and the local Drude model for the determination of the metal permittivity are still approximately valid. 19, 25, 26 The structure is assumed to be uniform and infinite in the z direction ͑the system of coordinates is presented in Fig. 1͒ .
A metallic gap can support two different types of coupled plasmon modes-with the symmetric and antisymmetric distributions of the magnetic field across the gap. However, only the symmetric gap plasmon can exist at an arbitrarily small gap width. Its wave number and localization increase with decreasing gap width, while the wave number ͑and effective permittivity͒ of the antisymmetric gap plas- mon reduces to zero at a critical gap width and then becomes imaginary ͑below the critical width͒. Therefore, only symmetric gap plasmons can experience effective nanofocusing. 19 A symmetric gap plasmon with the wave vector q gp ͑w͒, where w is the varying width of the gap, propagates in the direction of the taper ͑i.e., along the x axis- Fig. 1͒ . This is equivalent to the geometry of normal incidence of the plasmon focused by a V groove. 19 In this case, we can use the two-dimensional ͑2D͒ finite-difference time-domain ͑FDTD͒ algorithm for the analysis of nanofocusing. If the incident plasmon propagates at a nonzero angle with respect to the direction of the taper, then three-dimensional FDTD should be used instead, which will require substantial computational resources and will not allow analysis of nanofocusing within significant propagation distances. Therefore, the analysis in this letter is limited to the case of normal plasmon incidence ͑Fig. 1͒.
The 2D FDTD algorithm is based on the local Drude model to allow for the negative permittivity of the metal. 27 First-order Mur-type boundary conditions are used at the edges of the computational window. 28 The dimensions of the computation grid cells are ⌬x = vac / 120 and ⌬y = vac / 4,000.
In the FDTD simulations, the symmetric gap plasmon was excited using a line source of the electromagnetic field, parallel to the z axis, with TM polarization ͑magnetic field along the z axis͒, located near the edge of the computational window in the wide section of the gap with the width w i . As the gap plasmon propagates into the taper, its wave number q gp increases together with increasing localization of the plasmons in the y direction. This means effective focusing of the incident plasmon into the region of the width that is of the order of w f ͑far beyond the diffraction limit͒. The tapered nanogap ͑Fig. 1͒ is analogous to a cylindrical lens, though with much tighter focusing of electromagnetic energy to a very narrow region with a possibility of a significant enhancement of the local field ͑see also Ref. 19͒ . In addition, the considered structure ͑Fig. 1͒ represents an adaptor between two subwavelength gap plasmon waveguides of strongly different widths. The analysis and optimization of such an adaptor are important for the development of plasmonic circuits, interconnectors, and nano-optical devices. Figure 2͑a͒ presents the typical FDTD ͑x , y͒ dependence of the square of the normalized magnitude of the magnetic field ͉H͉ 2 / ͉H i0 ͉ 2 in the gap plasmon, where H i0 is the initial amplitude of the magnetic field in the plasmon at the beginning of the taper ͑i.e., at x =−L in Fig. 1͒ . The dissipation in the silver is assumed to be zero ͑i.e., m = −16.2 with the zero imaginary part͒, the taper angle = 3.24°͓corresponding to change in gap width per wavelength ͑632.8 nm͒ in vacuum along the x axis of Ϸ−35 nm͔, and the corresponding length of the taper L Ϸ 5.6 m. In particular, it can be seen that substantial plasmon localization simultaneously with the strong local field enhancement is achieved in the structure. For example, an Ϸ31.2 times increase of the energy density in the plasmon at the narrowest part of the taper ͑at x =0͒ is achieved ͓Fig. 2͑a͔͒. For x Ͼ 0, the amplitude of the gap plasmon is independent of x because w = w f = const ͑recall that the dissipation is assumed to be zero͒.
Using GOA ͑Ref. 19͒ for the analysis of nanofocusing in the same silver-vacuum tapered gap gives the increase in the field intensity of Ϸ31.9 times, which is only ϳ2% different from the FDTD result. This is in agreement with the expectation that the GOA approach provides good accuracy for the analysis of plasmon nanofocusing, if the taper angle is smaller than the critical angle c1 Ϸ 7°, which determines the applicability of GOA in the considered structure. 19 The effect of dissipation in the metal on nanofocusing is illustrated by Fig. 2͑b͒ , for which we assume that m = −16.2+ 0.5i. As a result, the energy density increase within the taper of Ϸ11.8 times has been obtained using FDTD simulations ͓Fig. 2͑b͔͒, which is significantly below the enhancement achieved in Fig. 2͑a͒ . This reduction in the increase of the plasmon energy density is due to dissipative losses in the metal. GOA gives the increase of the plasmon energy density in the same structure ͑ = 3.24°with dissipation͒ of Ϸ9.0 times. The main reason for the discrepancies between the FDTD and GOA approaches for very small taper angles is due to the accumulation of numerical errors in the FDTD method. This is related to relatively large distances of plasmon propagation along the sharp taper ͑in the above example, L Ϸ 5.6 m͒, and this results in a very large number of time iterations.
Therefore, analysis of plasmon nanofocusing in structures with small taper angles ͑significantly below c1 ͒ should rather be conducted using the approximate GOA approach that provides high accuracy of results. FDTD method is inefficient in this case and may result in noticeable numerical errors. At the same time, as mentioned above, this situation is associated with significant dissipative losses for the focused plasmons, because they have to propagate large distances along the taper. Increasing taper angle decreases dissipation, but eventually causes breaching the GOA applicability condition, and the numerical approaches become essential. Fortunately, numerical errors associated with large number of time iterations reduce with increasing taper angle, which FIG. 1. The geometry of the tapered gap between two metallic media. q gp ͑w͒ is the wave vector of the gap plasmon generated by a line source ͑parallel to the z axis͒ of a magnetic field component in the z axis located near the edge of the computational window in the wide gap section. This structure also represents an adaptor between two gap plasmon waveguides of the widths w i and w f . The length of the taper L is determined by the taper angle . . This is because GOA neglects the reflective losses, and this is correct only for small taper angles Ͻ c1 Ϸ 7°. 19 This is the reason for substantial discrepancies between the FDTD and GOA curves for both the cases with and without dissipation at taper angles Ͼ 10°͑Fig. 3͒. On the other hand, if Ͻ 10°, good agreement between the FDTD and GOA results can be seen ͑Fig. 3͒. This is again in agreement with the applicability conditions for GOA derived in Ref. 19 .
Another important aspect that follows from Fig. 3 is that the FDTD dependence in the presence of dissipation suggests that there exists an optimal taper angle opt Ϸ 13.5°͑see circles in Fig. 3͒ at which the relative plasmon intensity is maximal: ͉H opt ͉ 2 / ͉H 0 ͉ 2 Ϸ 21.8. Note that it is not possible to obtain this optimal angle in GOA-compare circles and squares in Fig. 3 . This is because the optimal taper angle is determined by the competition of decreasing dissipative losses and increasing reflective losses when is increased ͑see above͒. It is clear that opt is a function of the wave frequency and permittivities of the metal and the dielectric filling the gap. For example, increasing dissipation ͑i.e., increasing imaginary part of the permittivity͒ in the metal results in increasing optimal taper angle.
A taper with the optimal angle works as an optimal adaptor between the waveguides. It enables the most effective energy coupling between two gap plasmon waveguides of different widths. For example, at the optimal taper ͑i.e., at = opt Ϸ 13.5°͒ in the considered structure, highly efficient coupling of gap plasmons from the 316.4 nm waveguide into the 1.512 nm nanowaveguide ͑or nanofocusing into this narrow region͒ with the Ϸ2,200% enhancement of the energy density can be achieved by the tapered structure whose length is only Ϸ1.3 m. Increasing taper angle above opt results in further reduction of the adaptor length and may still correspond to a significant enhancement of the plasmon field in the narrow waveguide. For example, if Ϸ 57.9°the increase in the energy density in the plasmon at the end of the taper ͑at the beginning of the narrow waveguide͒ is Ϸ850% with the taper length of Ϸ0.29 m.
In summary, this letter presents the numerical FDTD analysis of adiabatic and nonadiabatic nanofocusing of plasmons in tapered nanogaps between two identical metallic media. The analysis was compared with the previously developed approximate theory of adiabatic nanofocusing in metal V grooves, 19 providing good agreement of the approximate and rigorous results for taper angles satisfying the applicability condition for the approximate theory. 19 At the same time, it is also demonstrated that in the nonadiabatic regime of nanofocusing, reflections of plasmons in the focusing structure play a significant role, resulting in the existence of an optimal taper angle for achieving the maximal local field enhancement.
The obtained results will be important for effective delivery of electromagnetic energy to the nanoscale, including nanooptical devices and waveguides, quantum dots, single molecules, etc. In addition, optimal adaptors between different subwavelength plasmonic waveguides were suggested and analyzed.
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